certain interventions that alter arterial pressure, myocardial contractility, or ventricular volume. [17] [18] [19] [20] These gradients and the concomitant elevation in left ventricular systolic pressure ultimately have deleterious pathophysiological consequences for the left ventricle, probably by virtue of inappropriately increasing myocardial wall stress and enhancing oxygen demand and consumption, and by producing mitral regurgitation. 17.20 Thus, in the approximately 25% of patients with HCM who have substantial subaortic gradients and obstruction to left ventricular outflow, the chronic elevation in intraventricular systolic pressure probably constitutes an important determinant of clinical course. '7-20 Operative intervention in HCM is predicated on the premise that true mechanical impedance to left ventricular outflow is present in these patients. Indeed, there is substantial evidence available from a series of hemodynamic, contrast and radionuclide angiographic, Doppler, and echocardiographic studies that supports the principle that systolic anterior motion of the mitral valve and prolonged systolic contact between the mitral valve and ventricular septum creates true obstruction to left ventricular outflow. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] For example, the gradient develops at the same time in midsystole that the mitral valve initially makes direct contact with the ventricular septum; the earlier and more prolonged this mitral-septal apposition, the more severe the outflow gradient. Indeed, it has been the clinical experience of our institution and others18 that in individual patients with HCM a left ventricular outflow gradient under basal conditions is, with rare exception, associated with marked mitral systolic anterior motion and mitralseptal contact. Although the left ventricle in HCM is hyperdynamic and ejects a considerable proportion of its stroke volume rapidly and early in systole, a large proportion of left ventricular emptying (about 50%) nevertheless occurs in the presence of the subaortic gradient and systolic contact between mitral valve and ventricular septum. Hence, the left ventricle is not truly devoid of blood when the outflow gradient is present; the gradient and forward blood flow coexist in midsystole, flow persists throughout the prolonged period of left ventricular ejection in most patients, and the left ventricle continues to shorten even after increased intraventricular pressures appear. Doppler investigations (including color-flow mapping)27 confirm that the site ofjet formation is at or near the point of maximum mitral systolic anterior motion, that blood-flow velocity is increased in the left ventricular outflow tract, and that the magnitude of this velocity is a linear relation with the measured subaortic gradient. 28 Indications The standard ventricular septal myotomymyectomy operation2 is performed through an aortotomy without the benefit of complete direct anatomic visualization. Two vertical and parallel incisions are made in the basal ventricular septum about 1 cm apart and 1.0-1.5 cm deep into muscle ( Figure 1 ) and are extended toward the apex about 4 cm ( Figure 2E) . A third transverse incision connects the first two incisions at their distal extent, and the bar of septal muscle is excised. Generally, a rectangular channel is created, extending from a point near the aortic anulus distally to beyond the site of mitral-septal systolic contact (Figures 1 and  2E ). This channel is made in the 12 o'clock position (on the echocardiographic short-axis orientation), avoiding portions of the conducting system and the membranous septum that are located more medially toward the 11 o'clock position.
In addition to the standard myotomy-myectomy, a number of other operations have been proposed through the years for patients with obstructive HCM, including myotomy alone, modifications of myotomy-myectomy with approaches other than an aortotomy, or mitral valve replacement.5 15Although these operations differ in design, the immediate objective has been the same in each case, that is, to '4,'7,20 without compromising global left ventricular function29; in the vast majority of these patients, the gradient under basal conditions is abolished, and in the remainder, only trivial gradients (.20 mm Hg) are evident postoperatively. When relieved by operation, the basal gradient does not reoccur later3; however, significant provocable gradients can be elicited with maneuvers after an operation that has been successful in relieving the basal gradient. The pathophysiological significance of such inducible gradients is unknown.
Although the amount of muscle excised (usually 1.5-3.0 g) constitutes only a small fraction of overall left ventricular mass, it is removed from a localized and critical site in the left ventricular outflow tract where mitral-septal contact and increased outflow tract velocities occur. Consequently, operation has the effect of widening and The application of two-dimensional echocardiographic imaging to a large number of patients within the broad clinical spectrum of HCM has emphasized the great morphological diversity present in this disease, particularly with respect to the distribution of left ventricular hypertrophy. 17, 18, [38] [39] [40] Left ventricular hypertrophy may be particularly marked, including some patients with the greatest ventricular septal thickening observed in any cardiac disease. Alternatively, in other patients septal thickening is mild and localized to only a portion of the ventricular septum, usually the basal anterior septum. Most patients with localized septal hypertrophy have the nonobstructive form of HCM, although others may show typical systolic anterior motion of the mitral valve and obstruction to left ventricular outflow. 17, 40 Frequently, in patients with HCM, the pattern of wall thickening is strikingly heterogeneous. Wall thickness may change abruptly, often within only a few millimeters. Consequently, contiguous segments of the left ventricular wall may differ greatly in thickness; in fact, it is not uncommon for markedly thickened left ventricular segments to be adjacent to portions of the wall that are of normal thickness. Such heterogeneity may also occur within the ventricular septum and even within the relatively confined region of the potential myotomy-myectomy, that is, the basal portion of septum extending about 4 cm from the aortic anulus distally toward the left ventricular apex (Figures 2 and 3 
Application of Intraoperative Echocardiography to
Ventricular Septal Myotomy-Myectomy Two major complications of the myotomymyectomy operation that may contribute greatly to mortality and morbidity are complete heart block and ventricular septal defect.3,8'14 Complete heart block results when the integrity of the conducting system is interrupted by improper placement of the myotomy incisions (or even with appropriate myectomy in those rare patients with preexisting right bundle branch block). This complication can now usually be treated adequately with implantation of atrioventricular sequential or rate-responsive pacemakers. Conduction defects (including left bundle branch block) are also common sequelae of septal myotomy-myectomy and are present in about 75% of patients after operation.8,14 These electrocardiographic abnormalities do not, however, appear to be of particular electrophysiological consequence.
latrogenic ventricular septal defects, produced by removal of an excessive amount of muscle from the septum (or by excessively deep myotomy incisions), are probably the most significant complication of septal myotomy-myectomy. Septal defects usually occur when myectomy is performed in areas of the septum that are of normal or only mildly increased thickness, either by direct perforation or by creating an area of necrosis that in turn is predisposed to perforation. Therefore, it is critical for the surgeon to be aware of any heterogeneity in septal thickness so that relatively thin areas of the septum can be excluded from the myectomy.
Because ventricular septal morphology is not identical in all patients with obstructive HCM who are candidates for myotomy-myectomy (Figures 2  and 3 ), the precise mode of muscular resection should not necessarily be identical in all patients. Consequently, we have found detailed echocardiographic mapping of septal hypertrophy by echocardiography to be crucial for the safe and efficacious performance of this operation. However, in an important minority of patients, conventional transthoracic echocardiography cannot provide the necessary precise definition of septal thickness or location of hypertrophy; this may be due to a number of variables including unfavorable body habitus or chest configuration or the presence of pulmonary disease. Ultimately, such considerations led us to routinely use intraoperative echocardiography to define septal morphology in patients with obstructive HCM.41 During the past 5 years, each patient undergoing operation for 1HCM has had the distri-bution and magnitude of septal hypertrophy mapped in the operating room with an integrated twodimensional and M-mode echocardiographic examination, using a sterile transducer placed directly on the surface of the right ventricle of the beating heart before the institution of cardiopulmonary bypass.
The information obtained from this intraoperative assessment is used to determine whether myotomymyectomy should be performed and, if so, whether the standard resection needs to be tailored to the individual patient's septal anatomy (Figures 2 and  3) . At our institution, it is relatively uncommon to encounter a patient with obstructive HCM at operation in whom septal hypertrophy is both particularly marked and homogeneously distributed so that the standard myotomy-myectomy can be undertaken with no preoperative deliberation regarding the pattern and magnitude of septal thickness. Instead, a variety of patterns of septal hypertrophy are usually encountered. Atypical forms of septal hypertrophy include those in which the thickening of the septum is displaced laterally, medially, or distally, or the anterior septum is indented toward the right coronary leaflet at the 12 o'clock position (in the short axis). Hence, the most crucial information provided by the intraoperative echocardiographic examination is whether the most basal portion of ventricular septum at or near the 12 o'clock position on the short-axis orientation is thick enough to permit myotomy-myectomy and resection of septal muscle to be performed without incurring undue risk for iatrogenic ventricular septal defect.
Based on the information derived from intraoperative echocardiographic studies, the routine at our institution is to avoid beginning the proximal portion of the myectomy resection directly beneath the aortic anulus (Figures 1 and 2E ). Outflow obstruction does not occur at this point; the most proximal 5-10 mm of ventricular septum is frequently thin; and support for the aortic valve anulus (and avoidance of iatrogenic aortic regurgitation) may well depend upon leaving this area of the septum intact. If echocardiography reveals that the area of most marked septal hypertrophy is located at or near the point of systolic mitral-septal contact (about 2-3 cm from the aortic anulus) but that the most basal portion of septum is relatively thin, then the resection of muscle must begin even farther from the aortic anulus than usual, bypassing the proximal thin area of septum ( Figure 2C ). In another variation of septal morphology, the most lateral portion of the anterior basal septum is relatively thin, whereas the more medial portion is markedly thickened ( Figure 3D ). The precise localization of the muscular resection can sometimes be shifted slightly medially in this circumstance; however, should the surgeonjudge this revision to be impractical because of the limited exposure permitted through the aortotomy (i.e., between the 11 and 1 o'clock positions in the echocardiographic short-axis orientation), the myotomy-myectomy is not performed, and mitral valve replacement is considered a more appropriate alternative. Similarly, if all portions of the basal septum are relatively thin (<18 mm) and the risk of incurring a ventricular septal defect with a myotomymyectomy is judged to be unacceptably high, mitral valve replacement is undertaken instead ( Figure  2F ). At our institution, we have found that intraoperative echocardiography plays a major role in determining the precise operative approach in about one third of those operations performed on patients with HCM.
In addition, intraoperative echocardiography provides the surgeon with the capability of assessing the site and adequacy of the myotomy-myectomy and its impact on mitral systolic anterior motion (and hence, subaortic obstruction) immediately after septal resection as well as visualizing iatrogenically produced ventricular septal defect or damage to the mitral valve apparatus. Consequently, in the event that operative relief of obstruction is judged to be incomplete, the myotomy-myectomy can be revised at that time in the operating room, and additional septal muscle can be removed, or mitral valve replacement can be performed.
Clinical Consequences of Myotomy-Myectomy Operation The hemodynamic changes that result from operation have been consistently associated with an improved quality of life for the patient as manifested by a reduction in congestive symptoms (exertional dyspnea, fatigue, orthopnea, and paroxysmal nocturnal dyspnea), chest pain, and symptoms of impaired consciousness (near-syncope and syncope). Of the 240 patients operated upon at the National Institutes of Health by Dr. Andrew G. Morrow (between 1960 and 1982) , about 70% reported symptomatic improvement during an average follow-up period of about 5 years. 14 (Figure 4) . At the time of myotomy-myectomy, the mean age of these patients was 42 years; the followup period ranged to 25 years (mean, 11.5 years). and two thirds of those continue to be improved from their preoperative state. The mean age of the survivors is now 57 years, and more than one half have reached the age of 60. On the other hand, 29 patients (24%) are known to have ultimately died of causes related largely to HCM; the average age of these patients at death was 54 years, nine had attained 60 years of age, and the mean period of survival after operation was greater than 10 years. Although continuing attrition and morbidity was observed during the long follow-up period of 11.5 years, the annual mortality rate due to HCM of 2.2% was practically identical to that observed for the shorter 5-year period of postoperative observation (i.e., 1.8%). In addition, there is little evidence to suggest that patients commonly evolve to the dilated phase of HCM many years after operation, and none ultimately required cardiac transplantation for "end-stage" progression of their disease. 17 These data emphasize that it is most appropriate to view ventricular septal myotomy-myectomy as a palliative rather than a curative procedure for obstructive HCM. Outflow obstruction is an important disease component in many patients with HCM, and the symptomatic benefit achieved by operative relief of outflow obstruction and experienced by patients for considerable periods of time reflects this fact. However, it is important to emphasize that symptoms in HCM are often caused by a complex interaction of several pathophysiological mechanisms (e.g., diastolic dysfunction. small vessel disease, and arrhythmias) that undoubtedly influence the long-term outcome of patients after operation. 17 Hence, even after complete operative relief of subaortic obstruction, the underlying disease process in patients with HCM can progress, leading to recurrent symptoms and even premature death.8 14 Consequently, patients with a successful myotomy-myectomy often require further pharmacological therapy for symptoms after operation, and in some patients, aggressive diagnostic strategies and treatment may be required for clinically important arrhythmias.
Potential Role of Mitral Valve Replacement Prosthetic mitral valve replacement was first proposed and used as a mode of operative therapy for patients with obstructive HCM by Cooley et al. 41 The rationale for mitral valve replacement in patients with obstructive HCM is that removal of the native mitral valve with prosthetic replacement abolishes both the subaortic obstruction gradient and mitral regurgitation (which are due to anterior motion of the mitral leaflets during systole), 5 and removal also eliminates the risk of ventricular septal perforation that may result from septal muscle resection. Valve replacement has been a controversial treatment because of the inherent risks for thromboembolic or anticoagulant complications and prosthetic valve dysfunction. 46 The initial concerns associated with inserting a mechanical valve into patients with a small left ventricular cavity have been largely absolved by the demonstration that low-profile prosthetic valves do not obstruct left ventricular outflow and will function normally as long as the size of the mitral orifice is sufficient.
Currently, practically all investigators agree that ventricular septal myotomy-myectomy is the preferred operation for most patients with obstructive HCM. However, as suggested above, valve replacement with a low-profile disc or bileaflet prosthesis may have an application in those selected patients with obstructive HCM in whom the risk of resection of septal tissue is judged to be unacceptably high, that is, when the basal anterior septum is relatively thin (<18 mm, usually 15-17 mm) or when the regions of greatest septal thickness are inaccessible to a myotomy-myectomy performed through an aortotomy. Additional (but rare) indications for mitral valve replacement include inadequate relief of subaortic obstruction after myotomy-myectomy or severe mitral regurgitation secondary to an intrinsic abnormality of the valve. However, severe pulmonary arterial hypertension associated with significant mitral regurgitation in a patient with a structurally normal mitral valve is not, as such, an indication for mitral valve replacement. is uncertain whether these patients, who realize substantial hemodynamic benefit, will ultimately achieve the same symptomatic relief and longevity as have patients with myotomymyectomy during similar time periods, and it is uncertain whether the potential complications of prosthetic valves will prove to be critical during a substantial period of follow-up.
Conclusions
Operation remains an important and rational therapeutic alternative when drug therapy is unsuccessful in relieving or controlling the severe symptoms experienced by many patients with obstructive HCM. After operative relief of outflow obstruction and normalization of left ventricular systolic pressure, the vast majority of patients experience an important benefit in symptoms, functional limitation, and quality of life that are often long lasting. However, even 
